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Abstract 
Machine tool performance, production accuracy and energy efficiency are interdependent design criteria. To solve this design 
conflict, bionics – this means technical interpretation of long-term optimized biological principles – could be an effective way to 
accelerate innovation loops in modern machine tool development processes. In the paper, these aspects will be discussed, and 
selected solutions will be presented in detail. 
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1. Introduction 
Hardly any other topic stirs the German, European 
and worldwide discussion as intensely, as the question 
for a sustainable increase of resource efficiency. The 
ambitions for more comfort by industrialized nations, 
aspiring developing nations and increasing numbers of 
the over-all population are meeting limited resources and 
growing ambitions to protect the global climate – these 
facts of a global community will determine the 
challenges in production engineering for the next 20 
years. The European Union, the economy and 
organizations have set the ambitious goal to significantly 
increase the efficiency of the used resources in all areas, 
such as living, transportation, energy production and 
industry, within the next years. Ecodesign Directive 
2005/32/EC is a framework provided by the European 
Union, which is also relevant for production 
engineering. The concrete implementation of the policy 
is currently in progress [1] and will be reflected in a 
concrete need of action in the production engineering 
industry.  
The intervention potential for the optimization of energy 
efficiency in machine tools can be divided roughly into 
the components level (e.g. physical effects), the system 
level (e.g. kinematics, system integration) and the 
control level (e.g. energy management, demand 
optimization). Contrary to the components level, where 
especially internal components characteristics 
(efficiency of energy converters, friction minimization) 
have to be improved, on systems and management level 
the interaction of the components is the optimization 
task to minimize the components losses.  
To achieve the goals in an effective way and to 
support the creativity process, the use of the living 
nature as inspiration source for energy and resource 
efficient technical products seem to be valuable.  
 Using natural inspiration for technical products is 
called bionics. Bionics is an interdisciplinary science, 
which address the encoding of evolutionary 
developments of the living nature (“biologics”) and their 
innovative interpretation into technics [9]. Success of 
bionics is based on the theory, that natural solutions 
become nearly optimal during a long-term evolution 
process. These solutions could be used for a short-term 
development of optimized technical products. 
The well-known Leonardo da Vinci (1452-1519) was 
an engineering pioneer, who used natural inspiration in-
tensely for technical products, like with his analyses of 
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the bird flight for the development of aircrafts. Since the 
1950th bionics becomes more and more to an own 
interdisciplinary science. 
The paper will show how bionics has been used for 
the development of resource and energy efficient 
solutions for machine tools and production technology. 
In the first part of the paper, bionics in modern 
machine tools and production will be overviewed 
including aspects like development goals, biological-
technical analogies, implementation areas on system and 
production level as well as their industrial applications.  
The second part is focused on bionics of the structural 
level of machine tools for enhancement of their energy 
efficiency by light weight design. Here general tools and 
methods for the preventive evaluation of solution-
independent design approaches will be presented and 
will be exemplary discussed on the different effects of 
light-weight machine tool design. Concrete solutions of 
natural inspired light weight components will be shown.  
In the last part of the paper, the use of mechatronic 
simulation for the successful development of bionic 
systems is shown on the example of a large redundant 
machine tool. 
2. Bionics for energy efficient machine tools 
2.1. Bionic development process 
Bionics is a supporting method to find technical 
solutions for problems by inspiration of the living 
nature. It is based on the assumption that solutions in 
nature are based on a long-time optimization process by 
evolution what can be used for short-time optimization 
of technical systems.  
Bionics can be divided into two separate development 
processes. The first one is the top-down-process, which 
starts with the (technical) problem definition and is fol-
lowed by a search for biological analogies and their 
technical interpretation. This process could be helpful, if 
a special technical problem can be defined and innova-
tive solutions have to be found.  
The other one is the bottom-up-process, which starts 
with the analysis of the nature, followed by abstraction 
of the biological principles and a search for technical 
applications. This process could be helpful, if 
inspirations for new innovative products are needed. 
In general, nature delivers multifaceted solutions, but 
the most important problem is their technical 
interpretation. Especially the “re-design” of advanced 
biological systems with its autonomy, complex nervous 
or musculoskeletal system nowadays results in enormous 
challenges. Exemplary, such biological systems contains 
a very high number of spatially distributed components 
like actuators (muscles), sensors and joints, and most of 
the components are multiple redundant. Thus, even if 
biological systems often can show just a long term trend 
for technical interpretation, nature can deliver numerous 
approaches to improve highly developed technical 
systems like machine tools. This will be shown in the 
following on the example of energy efficiency in 
production technology. 
2.2. Energy efficiency as a design criterion 
Because the increase of the energy efficiency in 
machine tools can be formulated as a concrete problem, 
in bionics the "top-down-process" can be used.  
The reasons for energy consumption in production 
systems are manifold, and so it is recommended to 
formulate sub-problems to narrow the search area. The 
sub-problems in energy efficiency of production 
technology were analyzed systematically in the last 
years (e.g. [1]-[5]). Most important influences on energy 
consumption are  
x process forces, 
x friction & flow losses, 
x electrical losses, 
x weight forces & inertias, 
whereat normally interdependencies between these 
aspects exist. 
Analyses show that in terms of energy efficiency a 
high productivity is essential [6]. Basic load and 
auxiliary systems such as cooling, hydraulics or 
pneumatics often generate more than 50% of the overall 
energy consumption of machine tools [4][5], even if it 
not contributes directly to the machining process. Since 
the basic load is considerably defined by these systems, 
an increase of produced parts per time unit leads to a 
reduction of its proportion. To reach these goals, primary 
and secondary processing time need to be shortened 
which normally comes along with increased dynamics.  
The intervention potential for the optimization of 
energy efficiency in machine tools can be divided 
roughly into the components level (e.g. physical effects), 
the system level (e.g. kinematics, system integration) 
and the control level (e.g. energy management, demand 
optimization) [7]. While on the components level 
especially internal components characteristics 
(efficiency of energy converters, friction minimization) 
have to be improved, on systems and management level 
the interaction of the components is the optimization 
task to minimize the components losses.  
In comparison to biological systems, conventional 
machine tools consist of a very low number of actuators 
and roughly always the same type of kinematics. 
Normally exactly one drive for one degree of freedom 
exists and a serial axis arrangement realizes the relative 
motion for the shaping process. Here biological systems 
with their adaptivity can inspire the technical system to 
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increase the energy efficiency and the motion 
performance. 
Axiomatically, in nature the same relations between 
force, mass and acceleration (F = m • a) are true for 
motions. To get higher acceleration, either forces have to 
be increased or masses (inertias) have to be decreased. 
The bionic question for the top-down-process is to find 
and to analyze the functionality of biologic systems 
which are able to realize high-dynamic motions. Here 
two sub-areas (motion bionics and structure bionics) are 
helpful.  
Considering motion bionics, mobility is most 
important in fauna. Furthermore highest dynamics 
normally will be reached only locally. For global 
motions these biological sub-systems are combined with 
slower systems (the “body”). For mobility normally 
actuation redundancy seems necessary. Also parallel 
structures (on the system level) with rotational joints or 
combined kinematics you can find more often than serial 
kinematics (on the sub-system level). Technical 
interpretations of motion bionics will be described later 
more in detail.  
On structural level several approaches for light 
weight topologies can be found. Here you can divide 
between macro and micro topology. The well-known 
topology optimization is based on the assumption, that in 
a load-optimal system the mechanical structure follows 
the load paths. On macro level these structures are 
inspired by bones or trees. On micro level the structures 
are more oriented on cellular structures. 
In the following some examples for motion bionics in 
production technology will be presented. 
3. Examples for natural inspired machine tools  
3.1. Mobile machine tools 
Effective machining of large workpieces is 
challenging production technology. For it, living nature 
delivers interesting approaches. For example, 
considering a woodpecker: Theoretically the whole 
forest is its “work piece”. Interpreted that means, the 
small machine (woodpecker) goes to the large workpiece 
(forest or tree) or in other words the machine is “mobile” 
and the work-piece is “stationary”. Compared with 
conventional production strategies this inverts the 
principle, that the workpiece will be transported to the 
stationary machine tool. By adapting the woodpecker 
strategy, a high mass reduction in transportation and 
with it a better energy efficiency can be realized.  
Two aspects of mobility can be identified for machine 
tools. Firstly, this is the general transportability of 
production systems to the site of operation, respectively 
the work piece. Secondly the placement of the 
machinery /at the work piece instead of placing the work 
piece inside a machine. Both mobility aspects combined 
can lead to major energy savings in work piece transport, 
especially for large parts, were a small lightweight 
machine can be transported to the part.  
Considering details of mobility in nature (e.g. spider), 
additional interesting aspects can be found. In general, 
rotational joints are used for motions, while in 
production technology normally linear joints are used. 
But it seems that robots and parallel kinematics have a 
high future potential. Furthermore eight legs for six 
degrees of freedom show redundancy in actuation. In 
addition a lot of examples for sensor redundancy as well 
as functionality distribution can be found. These aspects 
will not be discussed now. 
In the following two examples for technical 
interpretation of mobility will be shown: 
 
a) Paper Roll Grinding 
In several industry sectors, such as paper or printing 
industry, large smoothed steel cylinders with length up 
to 7 m and diameters up to 5.5 m are used. The demands 
on shape accuracy and concentricity are very high for 
these special tools. Specifically for regaining the desired 
shape of the cylinders after production induced abrasion, 
adequate grinding technologies are needed, which have 
to meet high demands in time and effort as well as in 
shape accuracy (<50 μm). 
For that purpose a small grinding unit was developed 
that can be transported to the workpiece and be placed 
directly at the rolls inside the paper machine using its 
frame structure as support and running surface (Figure 
1). The movement alongside the cylinder is carried out 
by the small unit, whereas for angular feed motion the 
rotary drive of the paper machine is utilized.  
The basic idea to realize the grinding process despite 
of limited system stiffness and geometric accuracy is to 
apply the principle of force controlled grinding. This 
approached is enabled through three basic principles: 
x Scanning of the cylinder surface topology with 
sufficient accuracy and spatial resolution 
x Application of a virtual model of force dependent 
abrasion, which can be used to determine necessary 
grinding force and progress during machining  
x Hardware for accurate application of the calculated 
grinding force on the corresponding positions of the 
cylinder surface 
The rolls surface topology is measured in helix form 
via laser scanning with rotating cylinder and 
simultaneous longitudinal movement of the grinding 
machine. Since an exact movement of the machine 
parallel to the axis of the cylinder is not ensured, 
scanning of a reference wire, representing this axis, as 
well as an inclination sensor is used to eliminate error 
influences. With the virtual process model, the necessary 
normal force of the grinding tool can then be calculated 
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for every angular and axial position of the cylinder on 
the basis of the metered values. The application of the 
grinding force during the machining process is realized 
by hydraulic drives on the grinding system.  
b) Machining of power plant components 
Another example for applying mobile machines for 
highly demanding machining tasks is to use mobile 
parallel kinematic machine tools for 5-axis-machining. 
For this purpose an existing parallel kinematic machine 
tool concept was modified for mobile use. The 
advantage of the pentapod compared to other concepts is 
its all parallel structure assures low weight and good 
implementability at the work piece combined with the 
potential of 5 axis machining. 
 
This concept was applied in a modular mobile system 
for machining turbine housings with diameters of more 
than 9000 mm. The unit can be mounted on a rotatable 
auxiliary device which is positioned in the centre of the 
work piece directly on the shop floor (Figure 2). 
Through rotational and radial positioning of the 
machining unit, a segmental machining of the housing 
can be carried out. Position allocation of the machining 
unit is realized by a high accurate angle measuring 
system inside the rotary table and tactile measuring of 
reference geometries on the work piece. With it a high 
relative accuracy can be realized. 
3.2. Machine tools with motion redundancy 
Large and heavy-weight systems can be moved only 
with low dynamics because of the needed high drive 
forces or moments and the occurrence of low mechanical 
resonances. To overcome these problems, the bionic 
approach is to use motion redundancy. As introduced, a 
lot of nature’s movements are only applied locally, but at 
the same time with highest dynamics. The principle is 
always the same and should be shown on the example of 
a writing human being: The body (or the arm) performs 
a global movement and the hand and their fingers 
perform the local movement. The local movement is 
much higher than the movement of the arm or even the 
body. By overlaying both motions the overall motion 
will be realized. Particularly interesting is that the arm is 
a serial kinematics, the finger-pen-system, however, is a 
parallel kinematics.  
Another interesting example for motion redundancy 
by nature is the extinct Elsamosaurus. They caught fish 
from shoals by moving their head very fast on top of 
their long neck without – or only slowly – moving their 
large and heavy rump. So the body represented the 
global “slow” axis whereas their neck/head was the local 
“fast” axis. In the following two examples for technical 
interpretation of motion redundancy will be shown: 
 
a) Heavy slide carries the small redundant axis 
The principle of motion redundancy in a scissors 
kinematics machine tool (Figure 3) was presented in [8]. 
The aim was to increase the bandwidth of the reference 
reaction of the control loop of large machine tools for 
tool and die making, which is basically limited by 
control-relevant vibrations of the mechanics and the 
available drive power of the large traverse slides. The 
solution is based on a global movement for the overall 
workspace, which is realized by heavy-weight 
mechanical components. The dynamics of this axis is 
limited, but it carries a smaller axis what acts in the same 
direction. This approach combines the broad operating 
range of serial kinematics with the high level dynamics 
of parallel structures. By way of a second significant 
step forward by comparison to conventional parallel 
kinematics process units, here there is the possibility of 
electronic prestress using actuation redundancy, thus 
enabling zero backlash and adjustable over-all rigidity. 
 
 
Fig. 1. VRG grinding system applied on test stand [VOITH Paper, 
Fraunhofer IWU] 
 
Fig. 2. Modular mobile 5-axis parallel kinematic machine tool 
[METROM, Fraunhofer IWU] 
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b) Motion redundancy by independent axis 
A second approach of motion redundancy is 
introduced in the following (Figure 4). The heavy slide 
does not carry the small redundant axis, but the force 
flux is closed through the basement. This means 
practically that the heavy work piece including the table 
slide has got a weight of up to 50 t, and so the long 
global movement is concentrated on this side. The 
dynamic small local axis (stroke: ±150 mm) is placed at 
the tool site. The advantage is that there is no dynamic 
feedback between the redundant axes, so the system is 
de-coupled regarding the redundant feed-drives. 
 
4. Lightweight design by structure bionics 
4.1. Bionic machine stand structure 
In nature the structure of bones or plants are 
important examples. Especially bone structures are 
adapted by the methods of topology optimization. A 
light weight approach of a movable machine stand on 
the basis of topology optimization and weld construction 
materials is presented in [6]. The X stand of the 5-axis 
machining centre was investigated in detail in a 
topological optimization process. Different loads and 
different positions of the Y slide where taken into 
account. In Figure 5 the results of the optimization are 
shown. 
In Table 1 the quantitative effects of the optimization 
are shown. The reduction of the structural mass of the X 
stand reached 20%, the natural frequencies increased at 
about 8%. 
Table 1. Deformation values of the topological optimized X stand in 
relation to the reference design 
Displacement Topological optimized 
Mass* 2239 kg (80.0 %) 
X 75% 
Y 100% 
Z 90% 
4.2. Hybrid carbon fiber reinforced plastics ball-screw 
drive 
In servo drives of high performance machine tools the 
dynamic behavior of feed-drive axes is often limited 
through the transmission element stiffness. Central 
transmission elements of machine tools are metallic ball 
screw drives. An alternative concept as hybrid carbon 
fiber reinforced plastics (CRP) ball-screw drive was 
developed recently. 
In Figure 6 the concept of such a hybrid CRP-metallic 
ball screw drive is shown. 
There are several aspects of such a ball-screw drive: 
x Lower moment-of-inertia; because the ball-screw 
moment of inertia is decreased, reduction of electrical 
losses or higher dynamics of the feed-drive will be 
reached 
x Thermal expansion of the hybrid CRP ball-screw 
drive is about 10 times lower than in a conventional 
metallic ball-screw drive, therefore the limits for 
solid-solid bearings in dynamic machine tools are 
expanded 
x Manipulation of the ball-screw stiffness in 
longitudinal direction through ultra-high module 
carbon fibres 
 
Fig. 3. Motion redundancy I: large slide carries a small redundant axis 
 
Fig. 4. Motion redundancy II: two independent redundant 
axis 
 
Fig. 5. Topological optimization of a machine stand 
(left) and the technical interpretation (right) 
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x No cooling efforts in stationary ball-screws (driven 
nut) or if indirect measurement systems are used 
The manufacturing of such hybrid CRP-metallic ball 
screw drives was realized by thermal sprinkling of 
metallic layers on the CRP-structure.  
4.3. Natural inspired clamping device for car body 
production 
In the car body production on production lines, 
clamping devices have to be swung in and out in 
working cycle. Furthermore the devices have to be 
interchanged, if the model changes. To save power and 
energy and to minimize the size of the electrical drives, 
the weight of the clamping devices have to be 
minimized. To guarantee the needed accuracy, the 
weight should be minimized without losses in stiffness. 
For it, natural inspired topology optimization was used. 
The result is shown in Figure 7. 
 
5. Summary 
In this paper it was shown, how bionics could be used 
for the development of energy efficient machine tools 
and production solutions. Based on natural inspiration, 
new redundant kinematic structures have been 
implemented in two machine tools for tool and die 
making. With it the machining performance and the 
energy efficiency could be increased. For machining of 
very large and heavy work pieces, natural mobility 
inspired the development of small and transportable 
machine tools. Two solutions for the machining of large 
paper rolls and large power plant components have been 
presented. 
The second part of the paper focused on natural 
inspired light weight design. Based on the solution-
independent effects of light weight components in ma-
chine tools, concrete solutions for light weight 
components were presented. Here it was divided 
between natural inspired topology on the macro level 
(cast machine stand, clamping device for car body 
production) and on the micro level (hybrid ball screw 
drive). 
At the end of the paper it was shown, that the 
development of bionic systems needs advanced 
simulation tools. On the example of the development of 
a redundant machining centre the advantages of 
mechatronic simulation for early evaluation of the 
machine tool performance have been shown. 
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